Abstract. The aim of the current study was to identify gene signatures during the early proliferation stage of wound repair and the effect of TGF-β on fibroblasts and reveal their potential mechanisms. The gene expression profiles of GSE79621 and GSE27165 were obtained from GEO database. Differentially expressed genes (DEGs) were identified using Morpheus and co-expressed DEGs were selected using Venn Diagram. Gene ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) online tool. Protein-protein interaction (PPI) networks of the DEGs were constructed using Cytoscape software. PPI interaction network was divided into subnetworks using the MCODE algorithm and the function of the top one module was analyzed using DAVID. The results revealed that upregulated DEGs were significantly enriched in biological process, including the Arp2/3 complex-mediated actin nucleation, positive regulation of hyaluronan cable assembly, purine nucleobase biosynthetic process, de novo inosine monophosphate biosynthetic process, positive regulation of epithelial cell proliferation, whereas the downregulated DEGs were enriched in the regulation of blood pressure, negative regulation of cell proliferation, ossification, negative regulation of gene expression and type I interferon signaling pathway. KEGG pathway analysis showed that the upregulated DEGs were enriched in shigellosis, pathogenic Escherichia coli infection, the mitogen-activated protein kinase signaling pathway, Ras signaling pathway and bacterial invasion of epithelial cells. The downregulated DEGs were enriched in systemic lupus erythematosus, lysosome, arachidonic acid metabolism, thyroid cancer and allograft rejection. The top 10 hub genes were identified from the PPI network. The top module analysis revealed that the included genes were involved in ion channel, neuroactive ligand-receptor interaction pathway, purine metabolism and intestinal immune network for IgA production pathway. The functional analysis revealed that TGF-β may promote fibroblast migration and proliferation and defend against microorganisms at the early proliferation stage of wound repair. Furthermore, these results may provide references for chronic wound repair.
Introduction
Fibroblasts are widely distributed throughout the mesenchyme where they synthesize extracellular matrix (ECM) proteins that form a structural framework to support tissue architecture and function in steady-state conditions (1) . Skin wound repair is a complex process that involves inflammation, proliferation and a remolding phase. At the early proliferation stage, fibroblast migration to the wound site is important for the formation of provisional ECM, such as collagen and fibronectin, in which the respective cell migration and organization takes place in successful repair .
Various signaling pathways, the transforming growth factor-β (TGF-β)/SMAD pathway in particular, have been investigated in the process of wound healing; however, the mechanisms of these pathways remain to be elucidated. TGF-β, a multifunctional cytokine secreted by macrophages, and its effect on wounds is controversial (23, 24) . TGF-β may stimulate collagen production in dermal fibroblasts by fibroblast-to-myofibroblast transition (25) , the excess amount of TGF-β increases collagen deposition, resulting in a keloid (26) . TGF-β that is produced during inflammatory phase by macrophages is an important mediator of fibroblast activation and tissue repair (27) . Although the effect of TGF-β on wounds has been previously identified, the complete underlying effect of TGF-β on fibroblasts at the early proliferation phase of wound repair remain poorly understood.
Microarray technology has been used to obtain information on the genetic alteration that occurs during many diseases (28) (29) (30) . The current study used bioinformatics to identify the differentially expressed genes (DEGs) of fibroblasts Bioinformatics analysis of fibroblasts exposed to TGF-β at the early proliferation phase of wound repair BOBIN MI 1 , GUOHUI LIU 1 , WU ZHOU 1 treated with TGF-β for 24 h. Then, the gene ontology (GO) and pathway enrichment were analyzed. By analyzing their biological function and pathway, we may determine the effect of TGF-β at the early stage of wound repair.
Materials and methods
Microarray data. Gene expression omnibus (GEO; www.ncbi. nlm.nih.gov/geo) contains original submitter-supplied records and curated DataSets, which is freely available to users. Two gene expression profiles (GSE79621 and GSE27165) were obtained from the GEO database. Data of fibroblast samples and TGF-β 24 h treated fibroblasts samples from the two gene expression profiles. The GSE79621 contained 3 fibroblast samples and 3TGF-β 24 h-treated fibroblast samples. The GSE27165 contained 2 fibroblast samples and 2 TGF-β 24 h-treated fibroblast samples.
Identification of DEGs.
The data was processed using web-based tool Morpheus (https://software.broadinstitute .org/morpheus/), which is a matrix visualization and analysis platform designed to support visual data exploration. The expressions of mRNAs with Signal to noise >1 or signal to noise <1 was defined as DEGs. The co-expressed upregulated and downregulated DEGs of the two gene expression profiles were identified with a Venn Diagram (http://bioinfogp.cnb. csic.es/tools/venny/index.html; Venny 2.1.0).
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis. The common upregulated and downregulated DEGs were analyzed using Database for Annotation, Visualization and Integrated Discovery version 6.7 (DAVID; david.ncifcrf.gov), an online program that provides a comprehensive set of function annotation tools for researchers to understand the biological meaning lists of genes. In order to analyze the DEGs at the function level, GO enrichment and KEGG pathway analyses were performed using DAVID. P<0.05 was considered to indicate statistically significant difference.
Protein-protein interaction (PPI) network analysis.
To further understand the functional interactions between these DEGs a PPI network was used. The DEGs were mapped with the Search Tool for the Retrieval of Interacting Genes (STRING; www.string-db.org) and experimentally validated interactions with a combined score of >0.5 were selected as significant. Then, the PPI network was constructed and visualized using Cytoscape software (version 3.4.0). The top 10 essential nodes ranked by degree were selected. The plug-in Molecular Complex Detection (MCODE) was used to identify the modules of the PPI network in Cytoscape. The criteria were set as follows: MCODE score ≥4 and number of nodes >4. The function enrichment analysis of DEGs in the top module was performed using DAVID.
Results

Identification of DEGs.
A total number of samples analyzed were 5 fibroblast samples and 5 TGF-β 24 h-treated fibroblast samples. The gene expression profiles were analyzed separately using Morpheus software. Then, a total of 4,211, 2,433 upregulated and 4,340, 2,032 downregulated DEGs were identified from the GSE79621 and GSE27165 datasets, respectively. DEG expression heat map of the top 30 upregulated and downregulated genes of the two gene expression profiles are shown in Fig. 1 . The 385 upregulated and 398 downregulated co-expressed genes were identified in the two gene expression profiles (Fig. 2) .
GO term enrichment. The upregulated and downregulated DEGs were loaded to the DAVID software to identify GO categories and KEGG pathways. GO analysis results showed that in biological process, upregulated DEGs were significantly enriched in Arp2/3 complex-mediated actin nucleation, positive regulation of hyaluronan cable assembly, purine nucleobase biosynthetic process, de novo IMP biosynthetic process, and positive regulation of epithelial cell proliferation, whereas the downregulated DEGs were enriched in regulation of blood pressure, negative regulation of cell proliferation, ossification, negative regulation of gene expression and the type I interferon signaling pathway (Table I) .
KEGG pathway analysis.
The KEGG pathway analysis of upregulated and downregulated DEGs was performed using DAVID is presented in Table II . The top 5 KEGG pathways of upregulated DEGs were shigellosis, pathogenic Escherichia coli infection, mitogen-activated protein kinase (MAPK) signaling pathway, Ras signaling pathway and bacterial invasion of epithelial cells. The top 5 KEGG pathways of downregulated DEGs were systemic lupus erythematosus, lysosome, arachidonic acid metabolism, thyroid cancer and allograft rejection (Table II) .
PPI network construction and module analysis.
Based on the information in the STRING and Cytoscape databases, the top 10 hub nodes with high degrees were identified. These hub genes were GAPDH, MYC, CDK1, ACTB, APP, PRKACB, MAKP11, ACACB, HSPA4, CAT (Table III) . GAPDH had the highest node degree, which was 83. A total of 6 modules from the PPI network satisfied the criteria of MCODE scores ≥4 and number of nodes >4 (Table IV) . The GO and KEGG pathway enrichment of the genes were included in the top module ( Fig. 3 ) revealed that these genes were primarily associated with chloride transmembrane transport, chloride transport, positive regulation of cytosolic calcium ion concentration, chloride channel complex, chloride channel activity, GTP binding, extracellular-glycine-gated chloride channel activity, neuroactive ligand-receptor interaction, purine metabolism and intestinal immune network for IgA production (Table V) .
Discussion
Despite advancements in the understanding of the mechanism of wound repair, an effective method for accelerating the .353  35  108  FXYD1, ANO1, FXYD3, CD34, POLR3A, GCH1, GNA14, CCR2, NME4,  EDNRA, NME2, GUCY1A3, GUCY1A2, PTGER3, PROKR1, HDAC9,  TNFSF13B, TUBA4A, DNAJC10, CCT3, GLRB, GLRA1, IARS, CLIC4,  CXCL12, CXCR4, RAD51C, GRM7, F2R, RAD51, GAPDH effect of vascular endothelial cells, epithelial cells and bone marrow mesenchymal stem cells in wound and the effect of fibroblasts remains to be determined. The proliferation phase ensues with fibroblast migration, which then synthesize ECM components, which have a significant role in each stage of the healing process. TGF-β contributes to the function of fibroblasts, including cell migration, collagen synthesis and cell proliferation. Therefore, understanding the effect of TGF-β on fibroblasts at the early proliferation stage is essential to identify an effective way to improve wound healing. The present study used bioinformatics analysis to investigate the effect of TGF-β on fibroblasts at the early proliferation stage of wound healing. Data from GSE79621 and GSE27165 was obtained and identified 385 upregulated and 398 downregulated overlapped DEGs between normal fibroblasts and TGF-β 24 h treated fibroblasts. In order to understand the interactions of DEGs, GO and KEGG pathway analyses were performed. The GO term analysis showed that the upregulated DEGs were mainly involved in Arp2/3 complex-mediated actin nucleation, positive regulation of hyaluronan cable assembly, purine nucleobase biosynthetic process, de novo IMP biosynthetic process and positive regulation of epithelial cell proliferation. Previous studies have found that actin has an important role in cell migration (33) (34) (35) . The GO term analysis in biological processes suggested that at the proliferation phase, TGF-β may regulate actin-based fibroblast migration to the wound site by Arp2/3 complex. Previous studies have demonstrated that fetal wounds consist of ECM with an abundance of hyaluronan (36, 37) . Hyaluronan is produced by fibroblasts and promotes fibroblasts migration and proliferation early in the repair process (37) . Therefore, TGF-β-mediated hyaluronan synthesis may be essential for the migration and proliferation of fetal fibroblasts. In addition, the findings of the present study also suggest that TGF-β may regulate the biological activity of fibroblasts, purine nucleobase biosynthetic process and de novo IMP biosynthetic process. Furthermore, TGF-β is the only growth factor, which accelerates 'maturation' of epithelial cell layers (38) , which is accordance with the current findings that TGF-β is related to the positive regulation of epithelial cell proliferation. The GO term analysis revealed that the downregulated DEGs were primarily involved in the regulation of blood pressure, negative regulation of cell proliferation, ossification, gene expression and the type I interferon signaling pathway. The regulation of blood pressure is a process controlled by a balance of processes that increase pressure and reduce pressure. A previous study determined that blood pressure is negatively regulated by TGF-β (39), which was consistent the current findings. Ossification is the conversion of fibrous tissue into bone or a bony substance. Inhibition of ossification by downregulation of genes (Bone morphogenic protein 1, Ras association domain-containing protein 2, neuronal membrane glycoprotein M6-b, atrial natriuretic peptide receptor 2, exostosin-1, V-type proton ATPase 116 kDa subunit a isoform 4 and extracellular matrix protein1) may imply that the early stage of wound healing is mainly associated with fibroblast proliferation and collagen synthesis. Increased levels of genes in the type I interferon pathway have been observed in dermal fibrosis (40) . The regulation mechanism of type I interferon of dermal fibroblasts and its participation in the development of dermal fibrosis remains to be elucidated. The current findings suggest that TGF-β may inhibit the interferon signaling pathway of fibroblasts by downregulation of gene expression levels, thus preventing wound fibrosis at early stage. Previous studies have found that TGF-β could mediate cell proliferation (41, 42) and collagen production (43, 44) . The GO term analysis demonstrated that downregulated genes were mainly enriched in negative regulation of cell proliferation and gene expression, suggesting that TGF-β could promote fibroblast proliferation and collagen synthesis at the early stage of wound healing by downregulating related genes. In addition, the enriched KEGG pathways of upregulated DEGs included shigellosis, pathogenic Escherichia coli infection, MAPK signaling pathway, Ras signaling pathway and bacterial invasion of epithelial cells. The pathway of shigellosis, pathogenic Escherichia coli infection and bacterial invasion of epithelial cells was associated with infection, suggesting that TGF-β has an antibacterial effect on the healing of infected wounds. Previous studies have demonstrated that activation the MAPK and Ras signaling pathways could promote cell proliferation, differentiation and migration (45, 46) . In addition, the top 5 KEGG pathways of the downregulated DEGs were systemic lupus erythematosus, lysosome, arachidonic acid metabolism, thyroid cancer and allograft rejection. The systemic lupus erythematosus pathway and allograft rejection pathways are associated with autoantibodies and could cause tissue injury. Lysosomes serve as the cell's main digestive compartment and macromolecules are delivered for degradation. However, previous studies have found (47) that ingested microparticles may induce cellular damage in phagocytes through the release of lysosomal enzymes following lysosome rupture. Arachidonic acid is oxygenated and further transformed into a variety of products, which mediate inflammatory reactions (48) .
A PPI network was constructed from the DEGs by Cytoscape and the 10 genes exhibiting the highest degree of connectivity. From these 10 genes, 6 genes were upregulated (GAPDH, MYC, ACTB, PRKACB, MAKP11, HSPA4) and 4 genes (CDK1, APP, ACACB, CAT) were downregulated. The top hub gene GAPDH, encodes a member of the glyceraldehyde-3-phosphate dehydrogenase protein family, which catalyzes an important energy-yielding step in carbohydrate metabolism. A previous study has determined that GAPDH could maintain the integrity of a protein (49) . Lin et al (50) reported that MYC plays a positive role in regulation of fibroblasts proliferation. ACTB encodes one of actin proteins, which are highly conserved proteins involved in various types of cell motility. A previous study determined that β-actin has a key role in cell growth and migration (51) . The protein encoded by PRKACB is a member of the serine/threonine protein kinase family. The encoded protein is a catalytic subunit of cAMP-dependent protein kinase, which mediates signaling though cAMP. cAMP signaling is important for various processes, including cell proliferation and differentiation (52) . MAKP11 encodes mitogen-activated protein kinase 11, which is a member of the protein kinases family. MAKP11 is involved in the integration of biochemical signals for a wide variety of cellular processes, including cell proliferation, differentiation, transcriptional regulation and development (53, 54) . The activity of the heat shock protein A4 (HSPA4), a member of the HSP110 family, is inducible under various conditions (55) . However, a previous study revealed that overexpression of HSPA4 may inhibit the migration of fibroblasts cells (56) . The 4 downregulated hub genes were CDK1, APP, ACACB and CAT. CDK1, also termed CDC2, has a key role in the control of cell cycles and promotes cell migration and proliferation (49, 57, 58) . APP encodes amyloid β A4 protein, an integral membrane protein largely known for its role as the precursor of A β peptides and for its involvement in the pathogenesis of Alzheimer's disease (59) . Previous studies have determined that sAPP, the secretory domain of the APP has been observed to reestablish cell growth in APP-deficient fibroblasts (60) . Acetyl-CoA carboxylase β is encoded by ACACB regulates cellular metabolic processes and may be involved in the regulation of fatty acid oxidation. CAT encodes catalase, a key antioxidant enzyme in the defense against oxidative stress. Downregulation of ACACB and CAT may promote wound repair through prevention of oxidative stress (61) . It is of note that at the early proliferation stage of wound repair, fibroblasts migrate to the wound site from surrounding tissue, and contribute to the proliferation and synthesis ECM components. However, the current study revealed that TGF-β upregulated the expression level of HSPA4 and downregulated the level of CDK1 at the early wound healing stage. It is of note that previous studies determined that overexpression of HSPA4 and reduced expression of CDK1 may inhibit cell migration and proliferation (56, 58) . Therefore, TGF-β may inhibit excessive fibroblast migration and proliferation by meditating the expression level of different genes. Therefore, further investigation is required in order to clarify the underlying biological mechanisms of HSPA4 and CDK1 on fibroblasts at the early wound healing stage.
A previous study revealed that ion channels and transporters have a key role in cellular functions (62) . Their physiological roles in cell proliferation have been considered, as cell volume changes, which involves the movement of ions across the cell membrane, which is essential for cell-cycle progression (63, 64) . The biological process and molecular function analysis identified one module that contained genes mainly enriched in chloride and calcium channels, which also suggested that ions are important in fibroblast migration and proliferation. However, the mechanism behind this the regulation of this process by ion channels is still unclear. Therefore, future studies should investigate the genes associated with ion channels to elucidate how TGF-β mediated ion channels and in turn cellular functions. Furthermore, the pathway analysis revealed that the effect of TGF-β on fibroblasts was associated with neuroactive ligand-receptor interaction, purine metabolism and intestinal immune network for IgA production. A previous study determined that fibroblasts could interact with other cells during the process of wound repair (65) . It is of note that, tenascin-C derived from fibroblasts could promote Schwann cell migration to the wound site and peripheral nerve regeneration (66) . It has been established that purine metabolites provide a cell with the necessary energy to promote cell progression (56, 67) . One feature of intestinal immunity is its ability to generate non-inflammatory immunoglobulin A antibodies that act as the first line of defense against microorganisms. The aforementioned GO and KEGG pathway analyses of the top module suggest that TGF-β could promote fibroblast proliferation, migration and have an antimicrobial effect.
The current study has several limitations. Firstly, the sample size was small and samples were not directly obtained from the wound. Wound repair is a complex interaction process and except TGF-β, other cytokines also have effect on fibroblasts. Secondly, the proliferation stage may continue for 3-10 days and TGF-β may regulate other genes included in fibroblasts. Thirdly, these finding would benefit from a validation by western blotting and polymerase chain reaction. However, the present findings may suggest potential methods to investigate the effect of TGF-β on fibroblasts. In addition, future studies will be designed to clarify the role of TGF-β on fibroblasts during the early stage of wound repair.
In conclusion, the current study provided a comprehensive bioinformatics analysis of DEGs, which was associated with the effect of TGF-β on fibroblasts at the early proliferation phase of wound repair. The current study provided a set of useful target genes and pathways for further investigation into the molecular mechanisms of wound repair. In addition, the current study may provide a novel research method, which is rarely used in wound repair. Additional clinical samples are required to confirm the DEGs of fibroblasts affected by TGF-β during wound repair.
